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A scintillation proximity assay (SPA) for transform- 
ing growth factor a (TGFa) using SPA beads coated 
with A431 membranes has been studied. Binding of 
TGFa to the beads was characteristic of a receptor in- 
teraction. A class of high-affinity receptors for [ 126 I]- 
TGFa (K d = 0.10-0.26 nM) was detected by competition 
studies between [ 125 I]TGFa and cold TGFa and by analy- 
sis of association and dissociation rate constants. An 
antibody to the epidermal growth factor receptor (clone 
528) inhibited binding of [ 125 I]TGFa (IC50 = 0.20 ugl 
ml), but an anti-TGFa antibody (clone 134A-2B3) (<25 
Mg/ml) did not block binding. Suramin inhibited [ 126 I]- 
TGFa binding (IC50 = 0.20 mM). The ether lipids l-O- 
hexadecyl-2-0-methyl-sn-glycero-3-phosphocholine, 1 - 
O-octadecy 1 - 2 -O- methyl -sn- gly cero - 3 -phosphocholine, 
and rac-lyso-platelet activating factor inhibited TGFa 
binding (IC50 values of 49, 69, and 57 mm, respec- 
tively). SPA is a convenient method for identifying 
agents that may act by interfering with TGFa 

binding. © 1992 Academic Press, Inc. 



The epidermal growth factor (EGF) receptor is fre- 
quently overexpressed in human carcinomas of the 
esophagus (1), head and neck (2), bladder (3), and 
breast (4). In the latter two cases, overexpression of the 
EGF receptor is associated with poor prognosis. A fam- 
ily of structurally related ligands bind to the EGF recep- 
tor. These include EGF, TGFa, amphiregulin, and the 
pox virus growth factors (5). TGFa has been detected in 
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effusions from a variety of tumors (6), and is coex- ; 
pressed with the EGF receptor in some tumors and 
transformed cell lines (7-9). These observations sup- 
port studies with anti-TGFa antibodies (10,11) that indi- 
cate that TGFa can stimulate growth via the EGF re- 
ceptor in an autocrine loop. Recent studies with 
transgenic mice have confirmed the importance of 
TGFa in cellular proliferation and neoplastic transfor- 
mation (12-14). In contrast, there is no strong evidence 
for a role for EGF in tumorigenesis. 

Attempts to identify ligand antagonists of the EGF 
receptor have so far met with limited success. Struc- 
ture-activity studies with fragments of TGFa indicate 
that the receptor binding domain of TGFa is formed by 
multiple separate regions of the peptide (15). A modi- 
fied peptide fragment of EGF blocks binding of EGF to 
the EGF receptor, but it probably acts indirectly 
through an alternative binding site (16). The nonpep- 
tide antagonist suramin has been reported to antago- 
nize EGF binding, but this substance is not specific for 
EGF (17). 

In order to screen for ligand antagonists of the EGF 
receptor, a rapid, robust, reproducible, and physiologi- 
cally relevant assay is required. Several assays pres- 
ently used are based on binding of [ 125 I]EGF to the EGF 
receptor present on membranes or on immobilized cells 
of the cell line A431 (18). Biotinylated EGF has been 
used in place of radiolabeled EGF (19). Recently, scin- 
tillation proximity assays (SPA) have been described 
(20). These assays are based on fluor-containing beads 
coated with an appropriate receptor. Only bound ligand 
excites the fluor and consequently bound and free li- 
gand do not need to be separated prior to quantitation. 
We have evaluated a SPA system based on beads coated 
with membranes from A431 cells. We chose [ 125 I]TGFa 
as the competing ligand since TGFa, rather than EGF, 
is implicated in tumorigenesis, and the two ligands may 
bind differently to the EGF receptor (21). 
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MATERIALS 

[ l25 I]TGFa was purchased from Amersham Interna- 
tional pic (Amersham, Bucks, England). Recombinant 
human TGFa was purchased from Bachem (UK) Ltd. 
(Saffron Walden, Essex, England) and receptor-grade 
murine EGF was from Sigma (Poole, Dorset, England). 
Murine monoclonal antibody clone 528 to the EGF re- 
ceptor and murine monoclonal antibody clone 134A- 
2B3 to TGFa were purchased from Cambridge Bio- 
science (Cambridge, England). Murine monoclonal 
antibody clone 29.1 to the EGF receptor was from 
Sigma and murine monoclonal antibody clone EGFRl 
to the EGF receptor was from Amersham International 
pic. All other chemicals were purchased from Sigma. 
Tissue culture media were purchased from GIBCO 
(Paisley, Scotland). SPA beads coated with membranes 
from A431 cells were purchased from Amersham Inter- 
national pic. 
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FIG. 1. Competition for [ l25 I]TGFa binding by unlabeled TGFa. 
Membrane/bead complex (100 fi\) and [ l25 I]TGFa (76,760 dpm, 886 
Ci/mmol; equivalent to 0.039 pmol) were incubated with various 
amounts of unlabeled TGFa (50 jd) for 2 h. Values represent means ± 
SE (n = 3). 



METHODS 

Scintillation Proximity Assay 

The SPA beads contain a scintillant based on yttrium 
silicate and are coated with the polycationic polymer, 
polylysine. The A431 membranes (prepared from a 
postnuclear supernatant) carry a net negative charge 
and therefore bind to the polylysine. The binding of 
[ 125 I]TGFa to the A431 membranes brings the isotope in 
close proximity to the scintillant, allowing Auger elec- 
trons to stimulate the scintillant. Unbound ligand is not 
in close enough proximity to allow such energy transfer 
and hence no signal is generated. 

[ 125 I]TGFa was diluted in buffer A (20 mM Hepes/ 
0.1% bovine serum albumin, pH 7.5) to about 50,000 
cpm per 50-jd aliquot. Precise activity was determined 
by counting a 10-^1 aliquot in a gamma counter (Cobra) 
(counting efficiency, 75%) and adjusting the activity of 
the [ 125 I]TGFa if the counts varied by more than 20% 
from 50,000 cpm per 50-/d aliquot. Sample or cold EGF 
in buffer A (50 fil) was added to T-trays (Pharmacia) 
followed by [ 125 I]TGFa (50 fi\). Bead/membrane com- 
plex, provided as a lyophilized preparation, was recon- 
stituted by adding 40 ml buffer A. The reconstituted 
mixture was vigorously agitated and a 100-/xl aliquot 
was added to the reaction mix. The T-trays were cov- 
ered and shaken (250 rpm) for 2 h at room temperature. 
The samples were counted for 1 min in a beta plate 
reader (Model 1205, LKB). Bound ligand was estimated 
based on a counting efficiency of 50% for the beta plate 
reader and a counting efficiency of 60% for the bead/li- 
gand complex (Bosworth, personal communication). 
Interbatch variation in the counting efficiency of the 
beads is ±10% (Bosworth, personal communication). 
Free ligand was determined by subtracting bound ligand 
from total ligand added. Nonspecific binding (NSB) was 



determined in the presence of 82 nM cold EGF. This 
concentration of EGF reduced [ 125 I]TGFa binding to lev- 
els equivalent to those acquired using an excess (100 
nM) cold TGFa and was used in preference to TGFa in 
routine determinations of NSB values for reasons of 
cost. Unless otherwise stated, all experiments were 
carried out three times with triplicate determinations in 
each experiment. Results from typical experiments are 
presented. 

Kinetic Analysis 

Scatchard analysis was performed using LIGAND 
(22) as modified for microcomputer by McPherson (23). 
Association and dissociation rate constants were deter- 
mined by the computer programme KINETIC (23). LI- 
GAND and KINETIC are part of the McPherson com- 
puter package available from BIOSOFT (P.O. Box 
10938, Ferguson, MO 63135). The goodness of fit of 
models (F value) was assessed on the basis of the "extra 
sum of squares" principle as described by Munson and 
Rodbard (22). 

RESULTS 

Binding of TGFa to the membrane /bead complex was 
investigated by incubating a fixed amount of [ 125 I]TGFa 
with increasing amounts of unlabeled TGFa. Unlabeled 
TGFa competed with [ 125 I]TGFa for binding in a dose- 
dependent manner. The concentration of unlabeled 
TGFa giving 50% inhibition in binding of [ 125 I]TGFa 
(IC50) was 0.34 ± 0.09 nM (average ± SE, n = 4). Results 
from a competition experiment following a 2-h incuba- 
tion at room temperature are shown in Fig. 1. The shape 
of the competition curve remained essentially identical 
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FIG. 2. S.catchard analysis of TGFa binding. The graph represents 
LIGAND analysis of the competition curve shown in Fig. 1. 



over the next 20 h (data not shown). Subsequent experi- 
ments were incubated for 2 h. 

When the data in Fig. 1 were transformed by Scat- 
chard analysis a curvilinear plot was obtained (Fig. 2). 
These data were analyzed by LIGAND using a one-site 
model allowing the background value to float and by a 
two-site model. Analysis using a one -site model indi- 
cated an equilibrium dissociation constant (K d ) = 0.67 
nM and maximum binding sites (B^) = 429 pM. Analy- 
sis using a two-site model gave Rvalues of 0.10 and 13.5 
nM and values of 151 and 386 pM, respectively. The 
F ratio test in the LIGAND program for comparing the 
best statistical fit between the two-site and one-site 
models gave an F value of 2.28 (P = 0.148), indicating 
that there is no evidence for a significant difference be- 
tween the two models. Analysis of a further three exper- 
iments indicated a single class of receptors in two of the 
experiments and no evidence for a significant difference 
between the two models in a third experiment (F = 3.05; 
P = 0.104). Overall, these data probably indicate that 
the second class of sites is a binding artifact. A summary 
of the LIGAND analysis of several competition assays is 
shown in Table 1. 



TABLE 1 

Scatchard Analysis of TGFa Competition Curves 
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Note. Membrane /bead complex and [ 125 I]TGFa were incubated 
with various amounts of unlabelled TGFa for 2 h as described under 
Methods. 

a NI, no second site was identified by LIGAND. 
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FIG. 3. Dissociation of [ 125 I]TGFa from the membrane/bead com- 
plex. Membrane /bead complex and [ 125 I]TGFa were equilibrated for 
2 h; 82 nM unlabeled EGF was then added and the reaction mixes 
were assayed at intervals. The curve represents the fit determined by 
KINETIC assuming a biexponential model. Values represent means 
± SE (n = 3). 



The specificity of the interaction between [ 125 I]TGFa 
and the beads was next examined. The following pep- 
tide ligands caused no detectable reduction in binding of 
[ 125 I]TGFa to the beads: interleukin-1 (25 nM), tumour 
necrosis factor (25 nM), gastrin-releasing peptide (25 
nM), basic fibroblast growth factor (25 nM), insulin-like 
growth factor (25 nM), transforming growth factor 0 
(12.5 nM), and platelet-derived growth factor (5 nM). 

The dissociation rate constant (k^) of [ 125 I]TGFa 
from its receptor was determined by diluting equili- 
brated samples with a large excess of cold EGF (82 nM) 
and then quantifying the amount of bound [ 125 I]TGFa; 
at intervals. The [ l25 I]TGFa dissociated from the bead/ 
membrane complex in a time-dependent manner until a 
level similar to the level of NSB (about 2000 cpm) re- 
sulted (Fig. 3). When these data were transformed by 
KINETIC (23), a dissociation constant (kj - 0.037 
min -1 was calculated assuming a monoexponential 
model and dissociation constants of 0,024 and 0.122 
min" 1 were calculated assuming a biexponential model. 
The statistically best fit was produced assuming a biex- 
ponential model (F = 112; P < 0.05). 

The rate of binding of [ 125 I]TGFa to the beads was 
determined by measuring total and nonspecific binding 
every few minutes after the reaction was initiated. Trip- 
licate samples were counted simultaneously for 1 min. 
As shown in Fig. 4, specific binding (total minus nonspe- 
cific) was maximal after approximately 120 min. Using 
KINETIC (23), an observed association constant (k ohs ) 
= 0.092 min" 1 was calculated assuming a monoexpon- 
ential model and association constants of 0.032 and 1.07 
min" 1 were calculated assuming a biexponential model. 
The data were best fitted to a biexponential model 
(Fig. 5). 
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FIG 4 Association of [ 12S I]TGFa to the membrane/bead complex. 
Membrane/bead complex and [ 125 I]TGF<* (0.64 M Ci/ml, 0.167 nM) 
were incubated in the absence (•) or presence (O) of 82 nM unlabeled 
EGF and at various time intervals specific binding (defined as binding 
in the presence of 82 nM EGF subtracted from binding in the absence 
of 82 nM EGF) was determined (□). Values represent means ± SE (n 
= 3). 



The data from the dissociation and association rate 
constants were then used to calculate K d values. Since 
the data from the competition experiments were best 
expressed in terms of a monoexponential model, this 
model was initially used to determine the K d value from 
the dissociation and association rate constants. Since 
&obs = (*2 + where [D] is the concentration of 

TGFa = 0.167 X 1(T 9 M, the rate constant of association, 
k lt was calculated as 3.29 X 10 8 M" 1 min" 1 . K d = k^/ky 
and hence the K d can be determined to be 0.11 nM. This 
value is similar to the K d values determined from the 
competition curves. Performing a similar calculation 
using data from the biexponential fits gave K d values of 
0.O21 and 0.50 nM. 

We next examined the effects of antibodies on the 
binding of [ 125 I]TGFa. Monoclonal antibody clone 528 





Antibody Ipg/ml) 

FIG. 6. Inhibition of [ 125 I]TGFa binding to the membrane/bead 
complex by anti-EGF receptor antibody clone 528. Membrane/bead 
complex and [ 12S I]TGFa were incubated with antibody and specific 
binding was determined. Values represent means of triplicate determi- 
nations (SE values <5%). 



to the EGF receptor, which inhibits EGF binding (24), 
inhibited binding of [ 125 I]TGFa to SPA beads with an 
IC50 of 0.20 fig/ ml (Fig. 6). Monoclonal antibody clones 
29.1 and EGFR1 to the EGF receptor do not inhibit 
EGF binding (25,26). Neither clone 29.1 nor clone 
EGFR1 inhibited [ 125 I]TGFa binding at concentrations 
up to 25 ^g/ml. Monoclonal antibody clone 134A-2B3 to 
TGFa did not reduce binding of [ 125 I]TGFa at concen- 
trations up to 25 /xg/ml. 

During our evaluation of the TGFa SPA system we 
identified several agents that modulate TGFa binding. 
Suramin inhibited [ 125 I]TGFa binding (IC50 = 0.20 mM) 
(Fig. 7). The ether lipids, l-O-hexadecyl-2-O-methyl- 
SM-glycero-3-phosphocholine, l-O-octadecyl-2-O-methyl- 
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FIG. 5. Association of [ m I]TGF« to the membrane /bead complex 
drawn from the curve generated by KINETIC assuming a biexponen- 
tial model. 
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FIG. 7. Inhibition of [ l2S I]TGFa binding to the membrane/bead 
complex by suramin. Membrane/bead complex and [ l25 I]TGFa were 
incubated with suramin and specific binding was determined. Values 
represent means of triplicate determinations (SE values <5%). 
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sn-glycero-3-phosphocholine, and rac-lyso-platelet ac- 
tivating factor, reduced [ 125 I]TGFa binding with IC50 
values of 49, 69, and 57 /xm, respectively (means of two 
experimental determinations). 

DISCUSSION 

The binding of [ 125 I]TGFa to the SPA beads is char- 
acteristic of a receptor interaction. The A431 mem- 
branes bound on the SPA beads have a high affinity 
receptor site for TGFa with an equilibrium dissociation 
constant of 0.10-0.26 nM based on analysis of the com- 
petition data and association and dissociation rate con- 
stants. A second class of receptor was detected in associ- 
ation and dissociation experiments, but data obtained 
from competition experiments suggest that the second 
site probably represents a binding artifact. 

In contrast to the large number of reports on EGF 
binding to its receptor, there are relatively few reports 
on the binding characteristics of TGFa. This is surpris- 
ing in view of the greater importance of TGFa in tumor- 
igenesis. Early work by Massague (27) identified two 
classes of TGFa binding sites on A431 membranes with 
K d values of 0.025-0.03 nM and 0.18 nM. By contrast, 
Marquardt et al. (28) identified a single class of receptor 
on formalin-fixed A431 cells with a K d of 2.7 nM. Results 
from Winkler et al (29) indicated that TGFa had about 
half the receptor binding activity of EGF. In the present 
study, ligand binding characteristic have been obtained 
from lyophiiized membrane preparations and further 
work is necessary to determine if lyophilization alters 
the binding characteristics. 

Our studies with anti-EGF receptor antibodies are 
comparable to previous reports on the abilities of the 
antibodies to block [ 125 I]EGF binding. Our data there- 
fore suggest that the anti-EGF receptor antibodies 
clones 29.1, 528, and EGFRl do not distinguish between 
EGF and [ 125 I]TGFa binding. Evidence that an antibody 
can distinguish between binding of EGF and TGFa to 
purified human EGF receptors has recently been pre- 
sented (21). The inability of the anti-TGFa antibody to 
block [ 125 I]TGFa binding was less expected since, an 
anti-TGFa antibody blocked the binding of TGFa to 
A431 cells (10). One possible explanation is that the 
anti-TGFa antibody used in our experiments binds at a 
site other than the ligand binding domain. 

We have used SPA to evaluate whether the antitumor 
activity associated with some ether lipids (30) could be 
mediated by modulation of TGFa binding. Ether lipids 
have multiple effects on cells, including inhibition of 
growth factor-dependent inositol phosphate signalling 
(31) and inhibition of estradiol uptake and TGFa secre- 
tion in the breast cancer cell line MCF7 (32). There was 
no significant difference in the inhibition of TGFa bind- 
ing between the cytotoxic analogue 1-O-octadecy l-2-O- 
methyl-sn-glycero-3-phosphocholine and the noncyto- 
toxic analogue rac-lyso-platelet activating factor in our 



experiments. Thus inhibition of TGFa binding does not 
seem to be able to account for the cytotoxic action of 
1 - 0 - octadecy 1 -2-0- methyl -sn- glyce ro - 3 - pho sphocho - 
line. 

Suramin has anti-proliferative activity and, like the 
ether lipids, it has multiple cellular effects, including 
the blocking of growth factor-receptor interactions and 
inhibition of enzymes (33). The IC50 value for inhibi- 
tion of TGFa binding by suramin determined in the 
SPA is clinically achievable, indicating that inhibition 
of TGFa binding is a potential site of action of this com- 
pound. The IC50 value for inhibition of TGFa binding is 
approximately three times lower than the concentration 
of suramin reported to block binding of [ 125 I]EGF to 
receptors on AKR 2B cells (17). 

Although SPA can be used to obtain biological infor- 
mation on existing substances, it is particularly useful 
in screening for novel inhibitors of TGFa. In conjunc- 
tion with automated liquid handling devices, we have 
routinely used SPA to screen up to a thousand samples 
a day. The assay eliminates many of the time-consum- 
ing steps associated with traditional radioligand binding 
assays such as tissue culture and membrane prepara- 
tion and washing steps to separate bound from free li- 
gand. However, further assays are required to deter- 
mine whether the TGFa inhibitors are acting as 
agonists or antagonists. In conclusion, SPA is a conve- 
nient method for detecting inhibitors of TGFa binding 
to its receptor. 
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